Oxygen minimum zones (OMZs) show distinct biogeochemical processes that relate to microorganisms 6 being able to thrive under low or even absent oxygen. Microbial degradation of organic matter is expected to be 7 reduced in OMZs, although quantitative evidence is low. Here, we present heterotrophic bacterial production ( 3 H 8 leucine-incorporation), extracellular enzyme rates (leucine aminopeptidase /ß-glucosidase) and bacterial cell 9 abundance for various in situ oxygen concentrations in the water column of the Eastern Tropical South Pacific off 10 Peru. Bacterial heterotrophic activity in the suboxic core of the OMZ (at in situ ≤5 µmol O 2 kg -1 ) ranged from 0.6 to 11 160 µmol C m -3 d -1 and was not significantly lower than in waters of 5-60 µmol O 2 kg -1 . Moreover, bacterial 12 abundance in the OMZ was slightly and leucine aminopeptidase activity even significantly higher in suboxic waters 13 compared to the upper oxycline suggesting no impairment of bacterial organic matter degradation in the core of the 14 OMZ. Nevertheless, high cell-specific bacterial production and extracellular enzyme rates were observed in samples 15 from the upper or lower oxyclines corroborating earlier findings of highly active and distinct micro-aerobic bacterial 16 communities. To assess the impact of bacterial degradation of dissolved organic matter for oxygen loss in the 17 Peruvian OMZ, we compared diapycnal fluxes of oxygen and dissolved organic carbon (DOC) and their microbial 18 uptake within the upper 60m of the water column. Our data indicate bacterial growth efficiencies of 0.5-8.6% at the 19 upper oxycline, resulting in a high bacterial oxygen demand that can explain up to 33% of the observed average 20 oxygen loss over depth. Our study therewith shows that microbial degradation of DOM has a considerable share in 21 sustaining the OMZ off Peru.
Introduction

23
In upwelling zones at eastern continental margins, oxygen minimum zones (OMZs) with hypoxic (<60 μmol O 2 kg -24 1 ), suboxic (<5 μmol O 2 kg -1 ) or even anoxic conditions occur (Gruber, 2011; Thamdrup et al., 2012) . OMZs have 25 expanded over the past years resulting in an ~3.7 % increase of hypoxic waters at depth (200 dbar) between 1960 and 26 2008 (Stramma et al., 2010 . One of the largest anoxic water masses in the global ocean (2.4 x 10 13 m 3 ) is located in 27 the Eastern Tropical South Pacific and includes the Peruvian upwelling system (Kämpf and Chapman, 2016;  28 Thamdrup et al., 2012) . There, nutrient-rich water is upwelled and supports high rates of primary production and 29 organic matter accumulation. Biological degradation of organic matter subsequently reduces oxygen below the 30 surface mixed layer (Kämpf and Chapman, 2016) . As a consequence, and supported by sluggish ventilation of water 31 masses, a permanent OMZ forms between 100 and 500 m depth, with upper and lower boundaries, i.e. oxyclines, 32 varying within seasonal and inter-annual cycles (Czeschel et al., 2011; Graco et al., 2017; Kämpf and Chapman, 33 2016 ).
34
Within OMZs, microbes apply anaerobic respiratory pathways that yield less metabolic energy compared to aerobic 35 respiration. For instance, denitrification or dissimilatory nitrate reduction to ammonia (DNRA) result only in 99 %, 36 or 64 % of the energy (kJ) per oxidized carbon atom that is produced by aerobic respiration (Lam and Kuypers, 37 2011). Meanwhile, bacteria are mainly responsible for the remineralization of organic matter into nutrients and 38 carbon dioxide (CO 2 ) in the ocean (Azam et al., 1983) . Thus, microbial activity and consequently organic matter 39 remineralization in anoxic waters might be reduced, possibly explaining observations of enhanced vertical carbon 40 export in OMZ regions (Devol and Hartnett, 2001; Roullier et al., 2014) . As a consequence, expanding OMZs could 41 result in increased CO 2 storage in the ocean. 
143
The DOC uptake was calculated with two different assumptions: i) the DOC uptake by bacteria equals the DOC loss 144 rate or ii) the bacterial growth efficiency (BGE) follows the established temperature dependence, resulting in a BGE 145 between 0.1 and 0.3 in the depth range of 10-60 m and an in situ temperature that varied between 14 and 19°C 146 (Rivkin and Legendre, 2001) and can be used to estimate the bacterial DOC uptake (Eq. (3)). 
186
Samples were categorized into different oxygen regimes. Due to sensitivities of oxygen measurements, we did not 187 distinguish between anoxic and suboxic regimes, but defined the "OMZ" oxygen regime by a threshold ≤ 5 µmol O 2 188 kg -1 (Gruber, 2011) . We defined the oxycline as one regime (>5 to <60 µmol O 2 kg -1 ) or separated it into 189 "low_hypoxic" (>5 to <20 µmol O 2 kg -1 ) and "high_hypoxic" (>20 to <60 µmol O 2 kg -1 ) regimes, representing 190 important thresholds of oxygen concentrations for biological processes (Gruber, 2011) . Oxygen concentrations >60 191 µmol O 2 kg -1 were defined as "oxic". Moreover, we differentiated between oxygen regimes situated above and below 192 the OMZ. Bacterial production varied strongly throughout the study region and ranged from 0.6 to 614 µmol C m -3 d -1 ( Fig.   205 3b), decreased in general from surface to depth (except for the most coastal stations) and showed significantly higher 206 rates in the oxygenated surface compared to the OMZ (n OMZ =61, n oxic =34, p<0.01, W=214) ( Fig. 3b ). Bacterial 207 production did not differ between the oxyclines and the suboxic core waters, neither off-shore (suboxic: 0.6-91 µmol 208 C m -3 d -1 ; oxyclines: 2-149 µmol C m -3 d -1 ) (n OMZ = 46 n oxyclines 25, p=0.28, W=484) nor at the most coastal stations 209 (G and T) (suboxic: 80-160 µmol C m -3 d -1 ) (oxycline: 34-195 µmol C m -3 d -1 ) (n OMZ =2, n oxycline =8, p=0.4, W=12).
210
Further, no significant correlation was observed between bacterial production and oxygen at in situ <20 µmol O 2 kg -1 211 (S=53904, p=0.64, r 2 =0.06, n=70). No significant increase of bacterial production was observed below the OMZ (2-212 10.5 µmol C m -3 d -1 ) compared to the core OMZ (0.6-160 µmol C m -3 d -1 ) even though oxygen increased from <5 to 213 15 µmol kg -1 ( Fig. 3b ) (n OMZ =48, n bottom_low_hypoxic =5, p=0.08, W=62).
214
Overall, bacterial abundance ranged from 1 to 49 x 10 5 cells ml -1 , with highest abundance observed at the surface and 215 close to the sediment. Cell abundance in the upper oxycline (3-16 x 10 5 cells ml -1 ) was statistically similar to the 216 OMZ core (1-25 x 10 5 cells ml -1 ) (n upper_oxycline =36, n OMZ =93, p=0.86, W=1640). However, we could observe a slight 217 accumulation of bacterial cells in the OMZ core, compared to the upper oxycline ( Fig. 3c ). A sharp decrease in 218 bacterial abundance was observed below the OMZ.
219
Estimates for the in situ degradation rate of DHAA by LAPase take into account the available concentrations of 220 DHAA and varied between 0.7 and 31.2 µmol C m -3 d -1 . LAPase degradation rates observed within the OMZ core (5 221 ± 1.8 µmol C m -3 d -1 ) were significantly higher than in the upper oxycline (2.5 ± 1.2 µmol C m -3 d -1 ) (n OMZ = 41, 222 n upper_low_hypoxic =9, p<0.001 W=331) ( Fig. 4b ).
To exclude an influence of changing DHAA composition over depth,
223
LAPase activity was also calculated using in situ concentrations of dissolved hydrolysable leucine instead of total 224 DHAA. Degradation rates of dissolved hydrolysable leucine by LAPase (0.01-1.68 µmol C m -3 d -1 ) showed the same 225 trend with significantly higher rates in suboxic waters than in the upper oxycline (n OMZ =41, n upper_low_hypoxic =9, p<0.01 slightly reduced within the suboxic waters (0.69 ± 1.35 µmol C m -3 d -1 ) compared to the upper oxycline (0.76 ± 0.51 229 µmol C m -3 d -1 ) (n OMZ = 35, n upper_low_hypoxic =8, p=0.054, W=78). Since degradation rates were calculated by 230 multiplying enzyme rates and carbon concentrations of DCHO and DHAA at in situ depth, differences in carbon 231 concentrations are important for further interpretation. In situ carbon concentrations of DHAA were similar between 232 the OMZ core (0.53± 0.1 µmol C L -1 ) and the oxycline (0.57± 0.2 µmol C L -1 ) (n OMZ =42, n oxycline =31, p=0.3 W=558).
233
In contrast, in situ carbon concentrations of DCHO were reduced within the OMZ core (1.3 ± 0.4 µmol C L -1 ) 234 compared to the oxycline (1.5 ± 0.6 µmol C L -1 ) (n OMZ =42, n oxycline =31, p=0.01 W=502) ( Fig. 2e, f ), suggesting that 235 calculated differences between degradation rates may be influenced by different carbon concentrations. Potential 236 hydrolytic rates at saturating substrate concentration (V max ) of LAPase ranged between 7 and 168 nmol l -1 h -1 and 237 were 10 times lower for GLUCase. LAPase V max was significantly higher within the suboxic waters (50 ± 22 nmol l -1 238 h -1 ) compared to the oxycline (34 ± 18 nmol l -1 h -1 ) (n OMZ =49, n oxycline =26, p<0.01 W=1045) and GLUCase V max was 239 more similar within the suboxic waters (1.6 ± 1.6 nmol l -1 h -1 ) compared to the oxycline (1.1 ± 0.5 nmol l -1 h -1 ) ( Fig.   240 4d, e).
241
To investigate physiological effects of suboxia, we normalized bacterial production and enzymatic rates to cell 242 abundance. Cell-specific production ranged between 2 and 286 amol C cell -1 d -1 ( Fig. 3d ) and, in contrast to total 243 production, was positively correlated to oxygen concentrations at <20 µmol O 2 kg -1 regardless of whether the most 244 coastal stations (G and T) were included in the statistical analysis (S=31917, p<0.001, r 2 =0.44, n=70) or not 245 (S=25985, p <0.01, r 2 =0.35, n=62) ( Fig. 3d ).
246
Cell-specific degradation rates of DHAA increased with depth and yielded significantly higher rates at the lower 247 oxycline compared to all shallower depths (n bottom_low_hypoxic = 6, n remaining depths =56, W=302, p <0.01). Cell-specific 248 GLUCase degradation rate and LAPase and GLUCase V max showed the same patterns ( (1), Fig. 5 ). We estimated the bacterial 253 contribution to this loss with two different assumptions (Table 1) : i) We assumed that the loss of DOC over depth 254 can be solely attributed to bacterial uptake implying that the DOC is subsequently incorporated as bacterial biomass 255 (bacterial production) or respired to CO 2 (Eq. (2)). ii) For the second approach the amount of DOC taken up by 256 bacteria was determined by the measured bacterial incorporation of carbon (bacterial production) and a constant ratio 257 between carbon that is taken up and carbon that is incorporated as biomass (bacterial production) (Eq. (3)). This ratio 258 (BGE), was here assumed to be between 10 and 30%, based on the empirical equation by Rivkin and Legendre with 259 an in situ temperature that varied between 14 and 19°C (Rivkin and Legendre, 2001 ).
260
For total average DOC loss ( Ф DOC ), we calculated a range of 1.13-3.40 mmol C m -3 d -1 , with loss rates decreasing 261 most strongly below the shallow mixed layer down to 40 m (Table 1, Fig. 5 ). Following the first (i) assumption all 262 DOC that was lost over depth was taken up by bacteria and the measured bacterial production represents the fraction of DOC that was incorporated as biomass. Consequently, the remaining DOC that has been taken up, in other words 264 the difference between DOC loss and bacterial production (0.01-0.29 mmol C m -3 d -1 ), was respired to CO 2 and 265 represents the bacterial oxygen demand to account for the DOC loss (BOD  ) (1.05-3.38 mmol O 2 m -3 d -1 ) (Eq. (2)).
266
Following this calculation, the BGE would vary between 0.5-8.6% and 1.1-7.0% in the depth range of MLD-40 m 267 and 40-60 m, respectively, being on average constant over the two different depth ranges (2.7%). ii) Applying a BGE 268 in the range of 10-30% and the measured bacterial production, the calculated bacterial DOC uptake was 0.04-2.9 269 mmol C m -3 d -1 . Hence, respiration of DOC to CO 2 accounted for a BOD  of 0.03-2.63 mmol O 2 m -3 d -1 (Table 1) .
270
Discussion
271
We investigated bacterial degradation of dissolved organic matter by measuring bacterial production rates as an 272 estimate for organic carbon transformation into biomass as well as rates of extracellular hydrolytic enzymes to 273 provide information on the initial steps of organic matter degradation (Hoppe et al., 2002) . We expected reduced 274 rates of organic matter degradation within oxygen depleted waters, since anaerobic respiration has a lower energy 275 yield than aerobic respiration. However, although bacterial production decreased with depth ( Fig. 3b ), this decrease 276 was not related to oxygen concentrations. Moreover, no significant increase in bacterial production was observed at 277 the lower oxycline, when oxygen increased again (Fig. 3b ). Decreasing bacterial production with depth has also been 
280
The hypothesis of reduced bacterial degradation activity within the OMZ implies reduced extracellular enzyme rates 281 for the hydrolysis of organic matter. In our study, neither GLUCase nor LAPase V max were reduced within the 282 suboxic waters irrespective of incubation conditions ( Fig. 4d , e, supplementary Fig. 1c, d 295 denitrifiers) enables the release of ammonia and nitrite and subsequently can maintain anammox, an autotrophic 296 anaerobic respiratory pathway (Lam and Kuypers, 2011; Ward, 2013) . This interaction between denitrifiers and anammox bacteria would further fuel the loss of nitrogen to the atmosphere. Our data indeed showed enhanced 298 degradation of amino acid containing organic matter in low oxygen waters. Indicators for protein decomposition, i.e.
299
LAPase V max and the degradation rate of DHAA by LAPase, were more pronounced within the suboxic waters ( Fig.   300 4b, d). The close coupling between anammox and denitrifying bacteria has previously been shown for wastewater 301 treatments. There, denitrifers directly utilize organic matter excreted by the anammox bacteria which in turn benefit 302 from the released nitrite by respiratory nitrate reduction (Lawson et al., 2017) . In the Pacific, denitrifiers and 303 anammox bacteria coexist, but are separated in space and time (Dalsgaard et al., 2012) , therefore their inter-304 dependency is probably weaker than in waste water treatments. Still, high protein hydrolysis rates within suboxic 305 waters might fuel enhanced nitrogen loss due to the mutual support of anammox bacteria and heterotrophic 306 denitrifiers.
307
To investigate physiological effects of suboxia, we normalized bacterial production and enzymatic rates to cell 308 abundance and found higher cell-specific bacterial production near the oxycline compared to suboxic waters and 309 highest cell-specific enzyme rates at the lower oxycline ( Fig. 3d, 4 g-j) . Higher cell-specific bacterial production at 310 oxic-anoxic interfaces in the water column has previously been reported for the Baltic Sea (Brettar et al., 2012).
311 Baltar et al. (2009) showed increasing cell-specific enzymatic rates and decreasing cell-specific bacterial production, 312 with increasing depth in the subtropical Atlantic and related this pattern to decreasing organic matter lability. Besides 313 organic matter lability, TDN might influence physiological rates and was increasing with depth ( Fig. 2c ). We 314 therefore suggest that the co-occurrence of oxygen and high TDN near the oxyclines favours (micro) aerobic 315 respiration (Kalvelage et al., 2015) and cell activity, corroborating highly active bacterial communities at oxyclines.
316
Depth distribution of cell-specific and total bacterial production was markedly different (Fig. 3b, d) and can be 317 explained by higher cell abundance (Fig. 3c) partially compensating for the lower metabolic activity in the OMZ 318 core. The reduced cell-specific production in the core of the OMZ points to either a high standing stock of bacteria 319 with low activity or a mixed community of less active and more active cells. One reason for the accumulation of cells 320 within the OMZ might be that some bacterivores tend to avoid the OMZ Anderson et al. (2012), highlighting the 321 OMZ core as an ecological niche for slowly growing bacteria.
322
In general, bacterial community composition in OMZs has been shown to be strongly impacted by oxygen. Callbeck et al., 2018; Galán et al., 2009; Thrash et al., 2017) , and may explain the 327 unaltered high potential (V max ) of the extracellular enzymes GLUCase and heterotrophic bacterial production in 328 suboxic waters in our study (Fig. 4e, 3b ). For instance, SAR406, SAR202, ACD39 and PAUC34f have the genetic 329 potential for the turnover of complex carbohydrates and anaerobic respiratory processes, in the Gulf of Mexico 330 (Thrash et al., 2017) .
331
Heterotrophic bacteria are the main users of marine dissolved organic matter (Azam et al., 1983 ; Carlson and towards a widespread occurrence of heterotrophic denitrification processes in the Peruvian OMZ, since the here 371 applied method for measuring bacterial production is restricted to heterotrophs. Our rates for bacterial production 372 within the suboxic waters averaged to 26 µmol C m -3 d -1 (0.55-160 µmol C m -3 d -1 ). To compare bacterial 373 production, i.e. rate of carbon incorporation, with denitrification rates previously reported for the South Pacific 374 (Dalsgaard et al., 2012; Kalvelage et al., 2013) , we converted one mol of reduced nitrogen to 1.25 mol of oxidized 375 carbon after the reaction equation given by Lam and Kuypers (2011) . This calculation indicates that on average ≤19 
